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I. INTRODUCTION 

The r e sea rch  work t o  be repor ted  on here  was s t a r t e d  June 

15, 1968 and i s  concerned with a study o f  t h e  l i t h ium defec t  

complex produced i n  s i l i c o n  upon i r r a d i a t i o n  by 1 . 5  MeV and 

45-50 MeV e l e c t r o n s .  Thus f a r  t h e  main probe used t o  d e t e c t  

t h e  d e f e c t s  i s  t h e  i n f r a r e d  spectroscopy of  defec t  absorpt ion 

bands t h a t  arise i n  t h e  a s s o c i a t i o n  o f  l i t h ium atoms and 

vacancies  and/or i n t e r s t i t i a l s  produced i n  displacement of  

s i l i c o n  atoms by t h e  r a d i a t i o n .  I n  t h i s  s i x  month per iod t h e  

i r r a d i a t i o n s  vJere performed with t h e  sample temperature kept 

e# 4 2 2 O C  during bombardment. The i r r a d i a t i o n s  u t i l i z i n g  1 . 5  MeV 

e l e c t r o n s  were performed a t  t h e  General E l e c t r i c  Research and 

Development Center using t h e  Cathode Ray Accelerator ,  while 

t h e  .45-50 MeV e l e c t r o n  bombardments were performed on t h e  

RPI microwave Linac. Subsequent t o  i r r a d i a t i o n  t h e  i n f r a r e d  

s p e c t r a  (1 t o  50  microns) were taken with t h e  sample kept a t  

3OO0K and a t  $80°K. Isochronal annealing experiments were 

performed using 15 minute pulses  up t o  temperatures of ~ 8 0 0 O K .  

The following personnel were a c t i v e l y  engaged i n  t h e  re- 

search  program: 

Faculty:  D r .  John C.  C o r e l l i  (ha l f  t i m e  summer, 3/8 t i m e  
academic y e a r ) .  

Research Technician: M r .  James W. Westhead. 
Graduate Student:  Miss Rosa Chiang. 

The following published r e p o r t s  of  our  NASA supported 

research  work appeared i n  t h e  l i t e r a t u r e  during t h e  p a s t  s i x  

months : 
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"Radiation-Induced Photoconductivity of Silicon" A. H. 
Kalma and J. C. Corelli, Radiation Effects in Semi- 
conductors, edited by F. L. Vook, Plenum Press p. 153 (1968). 
"Lithium-Associated Defect Complexes in Silicon" J. C. 
Corelli, J. W. desthead and R. Chiang Bull. Am. Phys. 
SOC., Vol 13, p. 359 (1968). 

Since the results of the work we are presenting here 

are part of a program still in progress ue shall not attempt 

detailed discussions and conclusions of the findings. 

we shall give all of the results we have obtained and make 

brief comments where necessary. 

planned and work currently in progress d l 1  be described briefly 

in this report. 

11. EXPERIMENTAL METHODS 

Rather, 

Future experiments that are 

The silicon samples used in this study were of dimensions 

in the range 1 to 1% mm thickness widths of 5 to 8 mm and about 

15 m long and were prepared from 2 mm thick slices cut from 

commercially available* silicon ingots. 

into the silicon using diffusion procedures reported by Pe1l.l 
Stated briefly the process consists of applying a mixture of 

lithium in mineral oil on the sample surface and performing 

a 1 to 2 hour anneal at ~ 4 5 0 0 C  to 500OC. For samples of -1.5 mm 

thickness a 1 to 2 hour heat treatment is sufficient to insure 

a homogeneous distribution of lithium throughout the bulk of 

The lithium was doped*;k 

* Floating-zone and crucible grown silicon of resistivity 
A500 ohm-cm were obtained from Texas Instruments Inc. 
Dallas, Texas or General Diode Corp., Framingham, Mass.; 
high purity floating-zone silicon of 225,000 ohm-cm was 
obtained from Wacker Chem. Corp., 202 East 44th St. , New York, 
N. Y. ** We thank you M r .  Y. M. Liu and M. M. Mappaus of the NASA 
Goddard Space Flight Center for performing the diffusions 
for us. 
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the sample. 

sample faces are made to give a check of sample homogeneity 

which in most cases is better than + 10% assuming the value of 
resistivity is a measure of the lithium concentration. 

Four point resistivity measurements on opposite 

- 

A listing of the samples studied is given in Table I. 

The table gives the initial resistivity of the silicon, the 

lithium concentration and resistivity after diffusion. All 
samples had n-type conduction after diffusion. The first 

four samples listed in Table I and sample W 42-2 were irradiated 

to 50 MeV electron fluences of 1.8 x 1018 e/cmZ, sample W 42-1 

was irradiated by 1.5 MeV electrons to a fluence of 1.4 x 1018 

e/cm2. 

to 47 MeV electron fluences of 2.3 x lOI8 e/cm2. In the 45-50 

MeV bombardments the samples vJere kept cool during irradiation 

( < LOOC) by immersing them in a flow of  ice cold water. 

1.5 MeV bombardment Nas made with the sample in contact with 

a thin Nalled aluminum box filled with ice water. 

The samples Liu ill, p-1, and Liu 1l3 were irradiated 

The 

The infrared spectra were measured on samples kept at 

=8O0K in a glass having CsI windows, with room tem- 

perature measurements of the spectrum also taken routinely. 

The infrared spectrometers used ulere Perkin Elmer models 621 

(2.5 to 50 microns) and 2 1  (1 to 15 microns). The annealing 

experiments were carried out in air in a temperature controlled 

furnace, and the samples dere thoroughly cleaned and lapped 

after each heat treatment to eliminate the effects of oxide 

impurities at the surface. B 
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Sample 
Designation 

Wacker #l L i  

Wacker #2 L i  

Wacker 7‘13 L i  

Wacker 111 No. L i  

W42-1 

W4L-2 

Liu #l 

P- 1 

Liu 8 3  

TABLE I 

PROPERTIES O F  SILICON SAMPLES STUDIED 

28,500 FZ 

28,500 FZ 

28,500 FZ 

28,500 FZ 

500* FZ 

5UO* FZ 

LO* FZ 

LOO* CG 

15** CG 

1 * Phosphorus doped 

FZ f l o a t i n g  zone r e f ined  
CG c r u c i b l e  grown 

. /  ** Boron doped 

I 
- “1 

R 

3 
l i t h ium 
conc. cm’ 

2 x 1016 

1.2  1017 

2.5 1017 

2 . 5  1017 

2 1019 

2 x 1016 

8 x 1017 

NONE 

1 .5  x 10 l8  

Jo (ohm-cm) 
a f t e r  l i t h ium d i f  fusior: 

0.27 

0.028 

0.08 

28,500 

0.05 

0.05 

0.003 

0.3 

0.02 
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111. Results 

The results to be given here are primarily concerned with 

defects that have long time stability ( N 1-3 days). 

as we shall see the radiation-produced defects appear to be 

complexes in which one of the constituents is a Li ion, none 

of the defects we are concerned with exhibits short term 

transitory annealing (say of order minutes or hours after 

ceasing the bombardment). 

this short term annealing in irradiated silicon solar cells 

where the diffusion length and carrier recombination times 

serve as detectors of the damage. 

radiation-produced infrared active defect absorption bands a 

long time after irradiation, and the damage we are observing 

is stable up to -35OC. This main distinction in the stability 

of defects must be borne in mind when examining our results. 

A.  Long Wavelength ( > 6  microns) Absorption in Li-diffused Si. 

In Fig. 1 are shown the spectra in the 800 to 200 cm-l 

Although 

Other researchers23334 have found 

In our case we observe the 

02.5 to 50 micron) wavelength region for a silicon sample 

W42-1 containing t-u Li/cm3 (See Table I). Each spectrum 

was measured after a fifteen minute heat treatment at the in- 

dicated temperature. Although not shown the spectra for 

annealing temperatures lower than 200OC were also very similar 

to the 200OC spectrum shown in Fig. 1 and are not shown. Note 

the evolution of a broad absorption band after the 4OO0C anneal 

and its disappearance subsequent to higher temperature treatment. 
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This broad absorp t ion  band has  not been 

o t h e r  samples s tud ied  and would r e q u i r e  

exhib i ted  by any o f  t h e  

f u r t h e r  study before  

d e f i n i t i v e  s ta tements  and conclusions can be drawn about t h e  

broad band (250 t o  400 cm-I). 

The s p e c t r a  af ter  47 MeV e l e c t r o n  i r r a d i a t i o n  o f  a Li-doped 

s i l i c o n  sample Wacker 7'12 t o  a f luence  of  1.8 x 1018 e/cm* a t  

which 15 minute anneals  occured i s  shown on each spectrum. 

predominant absorp t ion  f o r  f requencies  below 600 cm-1 occurs 

a f t e r  hea t  t reatment  t o  w l O O ° C .  It must a l s o  be emphasized 

t h a t  t h e  sample e x h i b i t s  a l a r g e  absorp t ion  i n  t h e  200 t o  400 cm-l 

reg ion  even before  hea t  treatment experiments. This absorpt ion 

may be i n d i c a t i v e  o f  some f r e e  c a r r i e r s  which were not  trapped 

by d e f e c t s ,  which i s  reasonable  i f  one compares t h e  f luence 

t o  t h e  i n i t i a l  l i t h i u m  concentrat ion.  Other work52 suggests  

carr ier  removal rates o f  n ~ 1  t o  5 cm-l a r e  t o  be expected i n  

our  case.  

b q - 2 -  
The 

h 

The long wavelength absorpt ion exhib i ted  by a c r u c i b l e  

grown s i l i c o n  sample Liu 83 (d i f fused  with l i th ium)  a f t e r  15 

minute anneals  a t  each o f  t h e  ind ica t ed  temperatures i s  shown 

i n  Fig. 3. The sample, Liu #3, w a s  i r r a d i a t e d  t o  a 47 MeV 

e l e c t r o n  f luence  o f  1.8 x lOI8 e/cm2. 

Figs.  1 t o  3 are f o r  samples prepared from f l o a t i n g  zone r e f ined  

and from c r u c i b l e  grown s i l i c o n  i n  which one very important 

The r e s u l t s  given i n  

d i f f e r e n c e  i s  the r e l a t i v e l y  l a r g e  oxygen concent ra t ion  

i s  c r u c i b l e  grown 3 l O I 7  O/cm3 a s  compared with f l o a t i n g  zone 
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s i l i c o n  4 5 x 10l6 O/cm3. 

c m - l  wavelength reg ion  are w e l l  k n o w n 7 ~ 8 ~  9 oxygen-associated 

de fec t  bands, and i n  p a r t i c u l a r  t h e  sharp band a t  % 832 cm-l 

the so-ca l led  A-center c o n s i s t s  o f  a s u b s t i t u t i o n a l  oxygen 

p l u s  vacancy complex. lo 

The sharp bands i n  t h e  800 t o  1000 - 

However, t h e r e  are some s t r i k i n g  

d i f f e rences  i n  t h e  r e s u l t s  shown i n  Fig. 3 r e l a t i v e  t o  what has  

been observed i n  previous s t u d i e s  on oxygen-defect complexes,7,8,9 

and t h a t  i s  t h e  diappearance o f  t h e  normal i n t e r s t i t i a l  oxygen 

band a t  2 1125 cm-I and t h e  oxygen-associated de fec t  bands i n  

t h e  -800 t o  1000 cm-l wavelength region a f t e r  15 minute 

t reatments  t o  270OC. The disappearance o f  t hese  bands may be 

due t o  t h e  release of  f r e e  c a r r i e r s  upon annealing and t h e  ab- 

hea t  

so rp t ion  accompanying f r e e  c a r r i e r s .  Apart from t h e  oxygen 

a s soc ia t ed  de fec t  bands, sample W42-2 a f l o a t i n g  zone* l i t h ium 

d i f fused  sample i r r a d i a t e d  by 48 M e V  e l e c t r o n s  t o  a f luence 

o f  

f o r  sample Liu #3 which i s  given i n  Fig. 3 .  

e/cm2 e x h i b i t s  t h e  same spec t r a  and behavior as found 

A more d e t a i l e d  p re sen ta t ion  of t h e  e f f e c t s  of hea t  t r e a t -  

ment on t h e  oxygen-associated de fec t  bands f o r  sample Liu #3 

i s  given i n  Fig. 4 where w e  have p l o t t e d  t h e  t ransmission vs  

frequency i n  t h e  700 t o  1200 cm-l range. 

comparison i n  Fig 5 w e  have p l o t t e d  some s i m i l a r  annealing 

r e s u l t s  f o r  a c r u c i b l e  grown sample of  s i l i c o n  doped with 

bismuth t o  a r e s i s t i v i t y  of  0 .01 ohm-cm. This Bi-doped s i l i c o n  

sample w a s  i r r a d i a t e d  by ~ 4 8  MeV e l ec t rons  a t  3000K t o  a t o t a l  

For purposes o f  

*The oxygen a s soc ia t ed  de fec t  absorp t ion  bands are never observed 
i n  f l o a t i n g  zone m a t e r i a l  due t o  t h e  low i n i t i a l  oxygen concen- 
t r a t i o n .  



f luence  o f  

f o r  both cases t h e  oxygen a s soc ia t ed  A-center band (826 cm-l) 

disappears  upon hea t  t reatment  t o  temperatures well below t h e  

35Ooc7,8,9 gene ra l ly  found i n  c r u c i b l e  grown s i l i c o n  containing 

lower concent ra t ions  o f  donor and acceptor  impur i t i e s  i . e . ,  

having r e s i s t i v i t y  A1 ohm-cm. 

2 x 1018 e / c m 2 .  It i s  i n t e r e s t i n g  t o  note  t h a t  

During the course o f  our  annealing experiments on f l o a t -  

zone r e f i n e d  s i l i c o n  w e  de tec ted  a new defec t  absorpt ion band 

a t  1122 c m - 1  which f i r s t  begins t o  appear a f t e r  an anneal 

t o  / ~ 3 0 0 0 C .  Another de fec t  band a t  1092 cm-l of  markedly 

less absorp t ion  a l s o  appears upon hea t  treatment t o  330OC. 

The d e t a i l e d  r e s u l t s  showing t h e  evolu t ion  and disappearance 

o f  t h e  1122 cm-l and 1092 cm-l bands a r e  given i n  Fig.  6 

where iJe have p l o t t e d  t h e  t ransmission vs  davelength (1000 t o  

1300 c m - 1  region)  a f t e r  15 minute anneals a t  each of  t h e  

temperatures s h o m .  The temperatures shown f o r  sample Wacker 

#l (No Li )  apply a l s o  t o  samples Wacker #l and Wacker #3 

i n  Fig.  6 .  By r e f e r r i n g  t o  Table I and Fig. 6 i t  can be 

seen that  the presence of  l i t h ium impurity atoms has  a pro- 

nounced effect  on the 1122 c m - l  and t h e  1092 c m - 1  bands. 

I n  f a c t  f o r  t h e  most heavi ly  doped Li -d i f fused  s i l i c o n  

sample, as f o r  sample  Wacker #2 ,  t h e  bands a t  1122 cm-1 and 

1092 cm-1 are not observed. W e  have not observed such s t rong  

impurity e f f e c t s  on t h e  de fec t  absorp t ion  band i n  any of  our  

previous vJork,8,11 nor have o t h e r  researchers  repor ted  such 

s t r i k i n g  e f f e c t s .  Once aga in  w e  have c l e a r  d i r e c t  proof o f  

8 



t h e  extremely important r o l e  t h a t  i s  assumed by impur i t i e s  i n  

their  i n t e r a c t i o n  w i t h  r a d i a t i o n  produced de fec t s .  

B. Short  Wavelength ( 4 3 microns) Absorption i n  Li-Diffused S i  

Careful i n v e s t i g a t i o n  o f  t h e  i n f r a r e d  spectrum from 1.25 

t o  2.5 microns revealed two new radiat ion-induced de fec t  absorp- 

t i o n  bands. The new bands a r e  loca ted  a t  1.45 and 1 . 6 7  microns, 

as shown i n  Fig.  7 .  The s p e c t r a  presented i n  Fig. 7 were a l l  

measured with the sample temperature kept a t  3000K. The 

anneal ing temperature (15 minute temperature pu l ses )  i s  shown 

on each spectrum. It i s  c l e a r l y  evident  from t h e  r e s u l t s  

given i n  Fig.  7 t h a t  t h e  presence of  l i t h ium impurity atoms 

s t rong ly  a f f e c t s  t h e  de fec t  absorpt ion bands i n  t h a t  t h e  1.85 

micron band which w e  h a v e l l  i d e n t i f i e d  a s  a r i s i n g  from t h e  

divacancy de fec t  i n  s i l i c o n  i s  not  observable i n  t h e  high 

concent ra t ion  l i t h ium d i f fused  sample of  0 .03  ohm-cm Wacker #2 

mereas, f o r  t h e  sample containing no l i t h ium 25,000 ohm-cm 

Wacker 81 (No 

microns i s  observed, and o f  course t h e  so c a l l e d ' l n e a r  edge 

absorption" can be seen e a s i l y  i n  t h e  1.25 t o  1.55 micron 

range. 

d i so rde r  i n  t h e  l a t t i c e  s t r u c t u r e  o f  s i l i c o n .  Such near edge 

absorp t ion  which genera l ly  extends from ~ 1 . 2  t o  w 4  microns 

has  a l s o  been observed12 Y 1 3  i n  r e a c t o r  neut ron- i r rad ia ted  s i l i c o n .  

In  recent  photoconductivity s t u d i e s  on 45 MeV e l ec t ron - i r r ad ia t ed  

s i l i c o n  we14 have observed dominant de fec t  photoconductivity by 

L i )  , only t h e  divacancyll de fec t  band a t  1.85 

Well have a s soc ia t ed  t h e  "near edge absorption'' d t h  



an "energy band" r a t h e r  than by s i n g l e  w e l l  def ined energ ies  

as found i n  1.5 MeV e l e c t r o n  i r r a d i a t i o n s  of  s i l i c o n .  

suggested t h a t  t h e  energy band i s  due t o  d i so rde r  regions i n  

t h e  l a t t i c e  which des t roy  a good dea l  o f  t h e  p e r i o d i c i t y  of  

t h e  l a t t i ce ,  thus  having t h e  e f f e c t  o f  destroying t h e  sharp 

d i v i s i o n  between allowed and forbidden energ ies  a t  t h e  band 

edges. 

W e  have 

The i n f r a r e d  s p e c t r a  i n  t h e  1 t o  2 . 5  micron range of  

two c r u c i b l e  grown Li -d i f fused  s i l i c o n  samples i s  shown i n  

Fig.  8. 

o f  2 .3  x 10l8 e / c m 2 .  

a t  3OO0K and a f t e r  15 minute anneals  a t  each of  t h e  ind ica ted  

temperatures.  Here again w e  can see t h a t  t h e  l i t h ium concen- 

t r a t i o n  has  a pronounced e f f e c t  on t h e  1.48 micron de fec t  

absorp t ion  band. Note t h a t  f o r  t h e  case  of  t h e  lower l i t h ium 

concent ra t ion  sample P-1  w e  can c l e a r l y  see t h e  1.85,U divacancy 

de fec t  absorp t ion  band, whereas f o r  t h e  case  of  t h e  higher  

l i t h ium concent ra t ion  sample Liu #3 no divacancies  are formed 

as evident  by t h e  lack  of  t h e  divacancy absorpt ion band a t  1.8 

microns. 

Both samples were exposed t o  a 47 MeV e l e c t r o n  f luence 

The spec t r a  shown i n  Fig.  8 were measured 

It i s  extremely important t o  recognize t h a t  t h e  spectra 

w e  have presented i n  Figs .  7 and 8 poin t  t o  a need f o r  higher  

energy r eqo lu t ion  i n  t h i s  very c r u c i a l  wavelength range. A t  

t h e  present  t i m e  w e  are bui ld ing  on input  and an output  o p t i c s  

system t o  be used i n  conjunct ion with a high r e s o l u t i o n  g r a t i n g  

monochromator* acquired wi th in  t h e  p a s t  two years .  

S 

*The monochromator i s  a Spex model 1500 Evacuable Monochromator, 
Spex I n d u s t r i e s ,  Inc.  3880 Park Ave., Metuchen, New Je rsey .  
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I V .  DISCUSSION OF RESULTS 

The most s t r i k i n g  r e s u l t s  of  t h i s  work thus  far  poin t  

t o  t h e  fact that f o r  high l i t h ium doping concent ra t ions ,  t h e  

l i t h ium atoms apparent ly  combine w i t h  o t h e r  de fec t s  such as 

the divacancy, t h e  A-center e tc .  thereby producing e i t h e r  a 

new complex o f  more c o n s t i t u e n t s  o r  t h e  L i  atoms quickly 

combine with s i n g l e  vacancies (or  mul t ip l e  vacancies)  during 

t h e  t i m e  o f  production o f  vacancies e t c .  thereby immobilizing 

t h e  vacancies and p r o h i b i t i n g  them from exh ib i t i ng  a d d i t i o n a l  

f u r t h e r  motion i n  t h e  l a t t i c e .  

i n t e r a c t i o n s  with t h e  de fec t  bands i s  given i n  Fig. 4 where 

t h e  oxygen a s soc ia t ed  A-center band recovers  a f t e r  a 15 minute 

anneal a t  2OO0C r a t h e r  than 35OoC as f o ~ n d ~ ~ ~ , ~  i n  s i l i c o n  of  

A c l e a r  example of  t h e  impurity 

* 1, impurity atoms. It i s  s i g n i f i c a n t  t o  note  t h a t  t h e  

band a t  770 cm'l cm- i n  Fig. 4 must a r i s e  from a de fec t  complex 

having a t  least  one oxygen p l u s  one l i t h ium atom a s  c o n s t i t u e n t s .  

O f  course t h e  presence of  a t  least  one vacancy i n  t h e  complex 

i s  p o s s i b l e .  The requirement of  t h e  presence of  oxygen atoms 

i n  add i t ion  t o  l i t h ium atoms f o r  t h e  appearance of  bands a t  

770 cm-l, 855 cm-l, 930 cm-l and 1006 c m - 1  can be seen i f  one 

compares t h e  r e s u l t s  o f  Fig. 4 f o r  c r u c i b l e  grown s i l i c o n  t o  

t h e  s p e c t r a  obtained from f l o a t i n g  zone s i l i c o n  (Li-doped) and 

given- i n  Figs .  1 and 2 .  The band a t  1006 cm-1 has  been s tudied  

i n  d e t a i l  by P e l l I 5  and by Chrenko, McDonald, and Pe11.16 

These workers concluded that t h e  1006 cm-l band i s  a v i b r a t i o n a l  

band a r i s i n g  from a l i t h ium p l u s  oxygen complex OLif i n  which 



t h e  oxygen i n t e r s t i t i a l  band a t  1106 cm-l i s  displaced t o  1006 

cm-l by t h e  presence of  L i  (both Li-6 and L i - 7 ) .  Our r e s u l t s  

i n  Figs.  2 and 4 agree  with P e l l ' s  f ind ings  i n  which L i  and 0 

concent ra t ions  

o f  O L i t  

> N l O I 7  g ive  r ise  t o  t h e  1006 c m - l  cons i s t ing  

A t  t h i s  po in t  w e  can only g ive  specu la t ive  arguments r e l a t i v e  

t o  t h e  complexes g iv ing  r i s e  t o  t h e  1.48 and t h e  1 . 7  micron 

de fec t  absorp t ion  bands. The bands a t  1.48 and 1 . 7  microns 

might be due t o  complexes c o n s i s t i n g  of  one and two Li+  ions  

r e spec t ive ly  which are t r a p p e d  by a divacancy s ince  t h e  1.85 

micron band decreases  wi th  t h e  appearance o f  t h e  1.48 band 

and t h e  1.85 disappears  completely when t h e  1 . 7  micron band 

f i rs t  appears.  In  Fig. 7 we can observe t h a t  t h e r e  i s  a d i s t i n c t  

dependence o f  t h e  anneal ing of  t h e  1 . 4 8 ~  band on t h e  l i t h ium 

concent ra t ion  and i n  f a c t  appears t o  be uns tab le  f o r  t h e  sample 

conta in ing  t h e  h ighes t  l i t h ium concent ra t ion ,  namely Wacker #2 

0 .03 ohm-cm i n s o f a r  a s  t h e  recovery occurs a t  a lower temper- 

a t u r e  N 15OoC as opposed t o  w33OoC f o r  t h e  sample containing 

the lowest l i t h ium concent ra t ion  Wacker /,I1 0.27 ohm-cm. These 

temperature e f f e c t s  are a l s o  observed f o r  t h e  1 . 7  micron band 

and may very w e l l  be due t o  t h e  e f f e c t s  o f  free c a r r i e r  absorpt ion 

masking t h e  absorp t ion  i n  t h e  1.48 and 1 . 7  micron bands. 

W e  conclude that t h e  new radiat ion-induced bands i n  high 

oxygen 

loca ted  a t  1006 cm'1,930 cm-1, 855 cm-l and 770 cm-1 must ar ise  

cm-3 high l i t h ium 21017 cm-3 containing s i l i c o n  
lu 
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from d e f e c t s  that c o n s i s t  of both l i t h i u m  p lus  oxygen atoms i n  

a d d i t i o n  t o  vacancies  and/or i n t e r s t i t i a l s  s i n c e  sample P-1 

(see Table I) which con ta ins  2 1017 oxygen/cm3 but a r e l a t i v e l y  

low concent ra t ion  o f  l i t h i u m  - 2  x 10l6  Li /cm3 exhib i ted  none 

o f  t h e  j u s t  mentioned bands. 

exh ib i t ed  t h e  normal A-center band a t  

anneal ing a t  35OOC (15 minutes) with no o t h e r  band appearing 

i n  t h e  wavelength range 800 t o  1100 c m - 1 .  

I n  f a c t  t h e  sample** P-1 only 

830 cm-I and i t s  

We wish t o  conclude t h i s  d i scuss ion  with a statement on 

t h e  new radiat ion-induced bands a t  1122 cm-1 and a t  1092 em-1 

which appear i n  f loa t -zone- ref ined  s i l i c o n  a f t e r  heat  treat-  

ment t o  /v 3OO0C (see Fig. 6). The bands a t  1122 cm-1 and 

1092 cm-l have not been observed previously and appear  t o  be 

impurity independent and of  course a r e  not  observable i n  

s i l i c o n  conta in ing  3 1 0 1 7  ox 

band % 1130 cm-1 masks out  t h e  1122 cm-1 and 1092 cm-1 bands. 

It i s  tempting t o  a s c r i b e  t h e  1122 and 1092 cm-l bands t o  a 

d e f e c t  o f  h igher  o rde r  than  t h e  divacancy which anneals a t  

exac t ly  t h e  temperature 3OO0C, a t  which t h e  1122 c m - l  and 1092 c m - l  

bands appear.  Mindful we are not on a f i rm base we propose 

en s i n c e  t h e  i n t e r s t i t i a l  oxygen 43- 

t h a t  t h e  bands i n  quest ion may c o n s i s t  of  a double divacancy o r  

a t r i v a c a n q .  However, much a d d i t i o n a l  research  work i s  needed 

t o  make a meaningful i d e n t i f i c a t i o n ,  and such work i s  now i n  

t h e  planning s t ages .  

**The anneal r e s u l t s  f o r  t h e  sample P-1 i n  t h e  800 t o  1100 cm-l 
range a r e  not  g ' v  n h e r e  as they a r e  exac t ly  what has  been 
been observed 7 Y 6,G i n  normal c r u c i b l e  grown s i l i c o n  (oxygen 
2 1 0 1 7  cm-3). 



V. EXPERIMENTS PLANNED AND I N  PROGRESS 

1. To study t h e  e f f e c t s  o f  o t h e r  impur i t i e s  such as P,  

A s ,  B i  and Sb on the divacancy de fec t  band i n  t h e  1 t o  4.5 micron 

range w e  s h a l l  i r r a d i a t e  some r e l a t i v e l y  impure s i l i c o n  -0 .01  

ohm-em t o  f luences  o f  48 MeV e l e c t r o n s  o f  - 2 x cm-2. The 

r a d i a t i o n  w i l l  be performed a t  300°K and w e  s h a l l  only be con- 

cerned wi th  d e f e c t s  and complexes s t a b l e  a t  3000K. 

t o  g e t  ansgers  t o  t h e  quest ion why i s  L i  a s  an impurity atom 

d i f f e r e n t  i n  i t s  i n t e r a c t i o n  with radiation-produced de fec t s  

i n  s i l i c o n  from o the r  donor impur i t i e s  such as P ,  A s ,  Sb o r  B i .  

ide expect 

2. W e  s h a l l  put  a major e f f o r t  during t h e  next s i x  month 

per iod  on at tempting t o  study t h e  symmetry p r o p e r t i e s  o f  t h e  

1.48 and 1 . 7  micron Li -assoc ia ted  de fec t  complixes i n  i r r a d i a t e d  

f loa t -zone  s i l i c o n .  

l i t h ium t o  concent ra t ions  - 5  x 1017 cmm3. 

For t hese  experiments w e  s h a l l  dope with 

Samples w i l l  
I 

- 1 )  

1 o r i e n t e d  i n  t h e  Ell], @OD and Ela d i r e c t i o n s  and w e  s h a l l  
5 

search  f o r  stress induced dicroism i n  t h e  i n f r a r e d  absorpt ion 

bands u t i l i z i n g  t h e  technique w e  used11 success fu l ly  t o  study 

the 1.8, 3 .3  and 3.9 divacancy bands i n  s i l i c o n .  Our f i r s t  

experiments w i l l  involve t h e  a p p l i c a t i o n  of  stress a t  high 

I 
1 

P I 

i 
. I  

i temperature 2 30OoK. 
. j  
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FIGURE CAPTIONS 

Figure 1 In f ra red  s p e c t r a  (200 t o  800 cm-I range) o f  a Li-doped 
s i l i c o n  sample W42-1 i r r a d i a t e d  by 1.5 MeV e l ec t rons  
t o  a f luence  o f  1 . 4  x 1018 e/cm2 a f t e r  15 minute 
anneals  a t  each o f  t h e  temperatures shown on t h e  f i g u r e .  

In f r a red  s p e c t r a  (200 t o  1200 cm-1) of  a Li-doped 
s i l i c o n  sample Wacker #2 i r r a d i a t e d  by 47 MeV e l ec t rons  
t o  a f luence o f  1.8 x 1018 e /cm2  a f te r  15 minute 
anneals  a t  each of  t h e  temperatures shown on t h e  f igu re .  

In f r a red  s p e c t r a  (ZOO t o  1600 em-1) of  a Li-doped 
s i l i c o n  sample Liu #3 i r r a d i a t e d  by w 4 7  MeV e l ec t rons  
t o  a f luence of  ~ 1 0 1 8  e/cm2 a f t e r  15 minute anneals 
a t  each of  t h e  temperatures shown on t h e  f igu re .  

In f r a red  spec t r a  (700 t o  1200 cm-1) of  a Li-doped 
s i l i c o n  sample Liu # i r r a d i a t e d  by ' d 4 7  MeV e l ec t rons  
t o  a f luence of  ~ 1 0 ? 8  e/cm2 a f t e r  15 minute anneals 
a t  each o f  t h e  temperatures shown on t h e  f i g u r e .  

In f r a red  spec t r a  of a c r u c i b l e  grown 0 .01  ohm-cm 
Bi-dope? s i l i c  n sample  af ter  48 MeV e l e c t r o n  i r r a d i a t i o n  
t o  10 8 e/cmf and annealing f o r  15 minutes a t  each 
of  t h e  temperatures ind ica ted .  

In f r a red  spec t r a  1000 cm-1 t o  1300 cm-1 f o r  f loa t ing -  
zone-refined s i l i c o n  samples conta in ing  var ious  l i th ium 
concent ra t ions .  The spec t r a  a r e  shown a f t e r  15 minute 
anneals  a t  each of  t h e  temperatures ind ica ted  on t h e  
f igu re .  

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

I 
i 

I d  

Figure 7 In f r a red  spec t r a  1 t o  2 . 5  microns f o r  high p u r i t y  
f loat ing-zone s i l i c o n  samples containing var ious  
concent ra t ions  of  l i th ium.  Also shown a r e  spec t r a  
f o r  one high p u r i t y  s i l i c o n  sample. The samples  dere  
a l l  r a d i a t e d  t o  a 47 MeV e l e c t r o n  f luence of  1 .8  
x ,of6 e/cm2, and a f t e r  i r r a d i a t i o n  were subjected 
t o  15 minute anneals  a t  each o f  t h e  temperatures 
ind ica t ed .  

Figure 8 In f r a red  spec t r a  f o r  two Li -d i f fused  c r u c i b l e  grown 
s i l i c o n  samples a f t e r  47 MeV e l e c t r o n  bombardment t o  
a f luence  o f  2 .3  x 1018 e/cm2. 
given f i f t e e n  minute anneals  a t  each of  t h e  temperatures 
ind ica t ed  on t h e  f i g u r e .  

The samples vJere 
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